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Abstract: We study contributions to pp —?■ W~^W~ —>• Ivil'vp in models with a new 
Higgs boson, H, and a neutral lepton, 1/4, with couplings — U4 — and W — V4, — p 
through the process pp ^ H ^ W —)■ iv^pu^. Contrary to naive expectations, 

we find that contributions to pp —)• WW can be very large while satisfying constraints 
from standard H —)• WW and —?■ 77 searches. Even the excess observed by ATLAS in 
pp —7- WW, if taken at face value, can be easily accommodated. The various kinematic 
distributions fit nicely the experimentally determined ones. This scenario can arise for 
example in a two Higgs doublet model with vectorlike leptons. 
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1 Introduction 


Recently, the ATLAS collaboration presented a measurement of pp —)• WW —)• 

With 20.3 fb~^ of integrated luminosity, the total cross section (including the Higgs con¬ 
tribution) is found to be [1] 

[a{pp WW) + a{gg h ^ WW*)]e^p = 71.4+};2(stat)+|4(syst)l|^(lumi) pb . (1.1) 

This result has been obtained by using a next-to-leading order (NLO) Monte Carlo gen¬ 
erator (POWHEG [2-6]) to remove the effects of experimental cuts. The corresponding 
NLO theoretical prediction in the Standard Model (SM) is [1, 7] 

[aipp ^ WW) + a(gg lElE*)]th,NLO = 58.7+|° pb (1.2) 

and deviates from the ATLAS result at 2.2 sigma level. Using the same Monte Carlo tools, 
the CMS collaboration found [8] 

a{pp —)■ VTlU)exp = 69.9 ± 2.8(stat) ± 5.6(syst) ± 3.1(lumi) pb (1-3) 

with 3.5 fb~^ of integrated luminosity. Taking into account that the SM Higgs contribution 
is [9] 

a{gg WW*)tt = 4.14+^;g: pb (1.4) 

the CMS result deviates from the NLO SM prediction at 2 sigma level. Several new physics 
scenarios have been suggested to explain this excess [10-15]. 

More recently CMS updated this measurement with 19.4 fb“^ of integrated luminosity 
and found [16] 

a{pp —)■ lUVT)exp = 60.1 ± 0.9(stat) ± 3.2(exp) ± 3.1(th) ± 1.6(lumi) pb . (1-5) 

This result has been obtained by using the POWHEG NLO Monte Carlo generator but 
reweighting the simulated qq —)• WW events by comparing with a parton level next-to-next- 
to-leading logarithm (NNLL) calculation in which logarithmic terms that contribute to the 
WW transverse momentum (p^^) distribution are resummed [17] (see also ref. [18] for a 
discussion of NNLL p!^^ resummation). This resummation mostly affects the calculation 
of the jet veto efficiency (required to suppress backgrounds from tt and Wt production). 
Comparing to the NNLO SM prediction [19] 

a{pp lUlU)th,NNLO = 59.84+4;g^° pb . (1.6) 

CMS finds agreement with the SM. One should point out, however, that the results in 
eqs. (1.5) and (1.6) have to be compared with care. In fact, fully differential NNLO 
predictions for pp —?■ WW are still not available; moreover, the resummation performed in 
ref. [17] is based on NLO matrix elements and considers p^^ rather than p!^^. 

Note that, the authors of ref. [20] find that the NNL effects on the total cross section 
and on the calculation of the acceptances tend to cancel each other. This suggests that 
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comparing the NLO based ATLAS measurement with the NNLO total cross section can 
lead to a bias. Depending on which analysis one takes at face value, the deviation of the 
pp —>• WW cross section with respect to the SM expectation is 

Actatlas - (13 ± 6) pb or AncMS (0 ± 5) pb . (1.7) 

This situation will be eventually resolved when better theoretical tools are available leading 
to an unambiguous interpretation of the experimental results. Given the caveats above, we 
take the results in eq. (1.7) as being compatible with new physics contributions at the 10 
pb level either as an explanation of an excess or as a two sigma upper limit. 

In this paper we consider contributions to pp —?■ WW —)• in extensions of the 

SM that include a new Higgs boson, H, and a neutral lepton, 1 ^ 4 , with couplings H — — 

and W—v^—fi. These new particles can contribute to dilepton final states through following 
process: 


pp^ H ^ WpUf^ . (1.8) 

In order to fix the production cross section, the Higgs boson is assumed to have SM 
couplings to fermions. Thus it is dominantly produced in the gluon-gluon fusion channel 
with the usual SM strength. We further assume that H has no direct coupling to the W 
boson. This situation arises for example in two Higgs doublet model, in which the light 
CP-even Higgs boson if fully SM-like in its couplings to gauge boson and thus the heavy 
CP-even boson has no direct couplings. 

The new neutral lepton can originate from extensions of the SM that include new 
vectorlike lepton families, both SU(2) doublets and singlets. Mixing of vectorlike leptons 
with the second generation of SM leptons typically implies the appearance oi H — 
and VP — z ^4 — /i couplings and allows for almost arbitrary H —)• and ^ Wp 

branching ratios, see for example the discussion in refs. [ 21 , 22 ] (where the focus was on 
the charged lepton sector). 

The signal we consider in eq. (1.8) leads only to ep and pp final states. In order to 
obtain contributions to the ee mode as well, if desirable, one can introduce an additional 
neutral lepton that couples exclusively to the the hrst generation of SM leptons. In fact, 
simultaneous couplings of one new lepton to both e and p leads to unacceptably large 
contributions to /r —>• e transitions. Given that the cuts required to isolate the ep mode 
are looser than those for the pp and ee ones (especially to suppress Drell-Yan and Z ^ ll 
backgrounds) the new physics will mostly affect the statistically dominant ep channel. 

The main focus of this paper is to show that the models we consider can provide very 
large contributions to the pp —?• Ivn^vp even as large as those required by the ATLAS 
discrepancy in eq. (1.7). The crucial reason for this scenario being able to generate such 
large contributions to the pp —process is the interplay of a large Higgs production 
cross section of order 10 pb with the fact that we have only one W that is required to decay 
leptonically. For instance, an excess in WW production of about 10 pb corresponds to 
0(0.1) pb in the dilepton final state. Having only one W boson in our process implies 
up to 0(1) pb contribution to the dilepton final state. Therefore we are in an excellent 
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position to explain a significant excess or to place strong constraints in large ranges of 
masses and branching ratios. 

We postpone the discussion of a concrete implementation of these ideas in a complete 
extension of the SM (e.g. a Two Higgs Doublet Model augmented with vectorlike leptons) 
to a forthcoming publication [23].^ The simplified model we consider allows us to present 
results in a particularly simple way, in terms of the Higgs mass, mu, the neutral heavy 
lepton mass, 171 ^ 4 ^, and the product of branching ratios 

BR{H W£ue) = BR{H BR(z^4 ^ W^) , (1.9) 

that can be applied to a variety of specific models. 

We require that the simplified model satisfies constraints from searches for H —>• 
W~^W~ [25, 26] and 77 [27]. These limits apply no matter what the specific re¬ 

alization of the model is. The Higgs boson is assumed to be produced dominantly through 
the top loop and thus the same loop generates corresponding contribution to 77 —)• 77 . 
Similarly, although we assume no direct coupling of H to W, the process in eq. (1.8) con¬ 
tributes to the same final states as 77 —)• WW would. We do not impose any constraints on 
mass and couplings of 1^4 since these would depend on details of the model. For example 
constraints on pair production of new leptons from searches for anomalous production of 
multi lepton events, discussed in ref. [28], highly depend on the SU(2) doublet component 
in the mass eigenstate 1^4 and on the mass of extra charged lepton. The results presented 
in this paper do not depend on these further assumptions. 

The paper is organized as follows. In section 2 we introduce the concept of fiducial cross 
section and describe our event generation procedure, in section 3 we discuss contributions 
of our scenario to pp —>■ WW measurements and the interplay with constraints from the 
Higgs searches, in section 4 we present actual kinematic distributions for a reference point 
chosen to fit the nominal excess found by ATLAS and in section 5 we present our concluding 
remarks. 

2 Strategy of the analysis 

First of all, it is important to realize that the experimental cuts chosen by ATLAS and 
CMS have different impacts on the SM and on a generic new physics (NP) model. We 
quantify this statement in terms of acceptances defined as fractions of events that pass 
a given set of experimental cuts: A = Wuts/Atot- The quantity that is constrained by 
experiments is the so-called fiducial cross section defined as the product of the total cross 
section and the acceptance: 

= a A . (2.1) 

In our case, the fiducial cross sections are given as: 

^SM = <^p^-,ww BR(VF ^ eue) BR{W ^ Asm , (2.2) 

4p = BR(77 ^ W£ue) BR{W ^ e'up) Anp , (2.3) 

similar process appears in TeV seesaw neutrino models [24]. 
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Table 1. Observed (Cg^p)) expected (ctIm) and required (unp) values of the fiducial cross sections 
for the ATLAS analysis. The last column gives the corresponding required effective cross sections 


where BK{H —)■ Wiui) is defined in eq. (1.9). The Higgs production cross section is 

assumed to be SM-like and is taken from ref. [9] . For e/r final states, i ^ t", there is an extra 
combinatoric factor of two in eq. (2.2 ). Asm and Anp are the acceptances corresponding 
to the ATLAS measurement [1] and are different for the and C/U channels. In this paper 
we focus on the ATLAS analysis [1] because it explicitly presents results for the fiducial 
cross sections and allows us to avoid detector simulations. 

In order to allow for an easier interpretation of new physics contributions we dehne 
the following effective pp —>■ WW NP cross sections; 


fid 

^ww _ ^NP „ww _ 

'^NP — — 


a, 


SM 


[^■Nplep 

[°'Np]pp 

BRiW^eur 


(2.4) 


where the denominators are constants. Although we do not have two W bosons in the final 
state, this quantity can be directly compared to the ATLAS and CMS results summarized 
in eq. (1.7). Note that the effective cross section depends on the ratio of NP and SM 
acceptances, therefore our results can be directly applied to any future analysis for which 
this ratio is the same as in the ATLAS study. 

The SM acceptances (Asm) and the observed hducial cross sections (Ug^p) for the e/x, 
ee and pp modes are presented in tables 5 and 9 of ref. [1], respectively. The SM fiducial 
cross sections (ug^) can be easily obtained using the SM prediction, the W branching 
ratio into a single lepton flavor BR(iy —)• iu) = 0.106, and the SM acceptances. In table 1 
we summarize these quantities for each of the ep, ee and pp modes. The fiducial cross 
sections in the ep channel are much larger than in the ee and pp modes because (besides the 
extra combinatorial factor of 2) the need to reduce Drell-Yan background for same flavor 
dileptons requires much stronger cuts. The last column of table 1 gives the corresponding 
values of the effective cross section 

For each choice of mu and we extract the acceptance Anp from a Monte Carlo 
generated event set for the process in eq. (1.8). We use the MadGraphS [29] event generator 
and handle parton shower with Pythia6 [30] (implemented in the MadGraphB pythia-pgs 
package). The resulting StdHEP event files are then converted into CERN root format 
using Delphes [31]. The analysis, that we perform at the shower level, is implemented 
as a root macro. Jet clustering is handled by the Fast Jet package [32, 33]; we adopt 
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Table 2. The quantities for the e/i, ee and /i/i channels and for each of the six CMS analyses 
that we consider (labelled by their ijih value). 


an aiiii-kt algorithm with AR = 0.4. The new physics model has been implemented in 
FeynRules [34]. 

The cuts and the lepton and jet isolation requirements are explicitly given in ref. [1]. 
The leading (subleading) leptons in the fiducial region are required to have transverse 
momentum pT > 25 (20) GeV and pseudo-rapidity in the ranges \r]\ G [0,1.37] U [1.52, 2.47] 
for electrons and \r]\ < 2.4 for muons. Dilepton invariant masses, larger than 10 
(15) GeV for the ep {pp) channel are required. Additionally, for same flavor leptons, a 
small window around the Z mass is excluded {\mu — Mz\ >15 GeV). Furthermore, cuts 
on missing transverse and relative transverse momentum are required: p™'®® = p'^'^ > 
20 (45) GeV and > 15 (45) GeV for the ep {pp) channel. The latter quantity is 

defined as ~ P™'®® x sin (min{ j j, 7r/2 }) where A(/> is the azimuthal angular difference 

between and the closest jet or lepton in the event. Lepton 4-momenta are corrected 

by including observed prompt photons emitted within a AR <0.1 cone around the lepton 
direction. Events containing jets with pT > 25 GeV and jpj < 4.5 are vetoed; note that 
jets within AR < 0.3 of a selected electron are not vetoed because they are considered as 
reconstructed from the electron. In addition to these event selection requirements proper 
triggers and lepton isolation are also implemented. 


3 Allowed parameter space and constraints from SM Higgs searches 


The dominant constraint on comes from the H —)• WW GMS search presented in 
refs. [25, 26] where a number of different cuts, each optimized to be sensitive to a SM- 
like heavy Higgs of a given mass, are considered. For each cut (that we label R) GMS, 
effectively, places a 95% G.L. upper limit on a fiducial cross section: 


a 


fid 

n 


Anp ct* 


< 0 , 


95 > 


(3.1) 


where is the same total cross section (including branching ratios) that appears in 
eq. (2.3) and A^^p is the acceptance for the cut selection R. Since GMS does not present 
the results of the analysis in terms of fiducial cross sections, the extraction of these upper 
limits is not straightforward. We list in table 2 the /Hgg that we obtain and relegate the 
technical details to appendix A. In the table we consider six CMS analyses (labelled by the 
value niH of the Higgs mass for which each analysis is optimized) and present separately 
the ep and pp channels. The implied upper limit on the fiducial cross section (2.3) is then 


(Tfip < Anp min 
H 


Pi 


95 


aH 

L^NP 


(3.2) 
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Figure 1. In shades of blue we plot contours of taking BR{H —>• W^v^) = 1 for the e/i 

(left panel) and (right panel) final states. The dot-dashed red contours are the values of the 
branching ratios BK{H —>■ W£vi) required to obtain reference values Pb for both the ep, 

and modes. The yellow contours are the 95% C.L. upper limits on the effective cross sections 
implied by the CMS H —)■ WW searches summarized in eq. (3.2). Branching ratios corresponding 
to different values of can be easily obtained by rescaling. 


Note that our signal, defined in eq. (1.8), and the SM Higgs decay {H —)• WW —>■ 
are topologically different. The cuts adopted in refs. [25, 26], not being optimized to our 
signal, result in H —)• WW acceptances for both e/i and /U/i final states in the range 
[0.01,4]% when varying G [120,250] GeV and mjy G [130,250] GeV. The pp —)• WW 
acceptances that we find for the ep and pp cases are in the ranges [HNp]e^ C [24,29]% 
and [H.Np]/i/i G [5,15]%. Therefore, we find that the ratio of acceptances HnpMnp 
a very strong dependence on the H and 1^4 masses and can be very large. This, in turn, 
implies that, in some regions of the [mjy, rriu^] plane, we can fully explain the WW excesses 
summarized in table 1 while simultaneously satisfying the limits from H —?• WW searches. 

The main results of our study are presented in figure 1. In shades of blue we plot 
contours of taking BR(H —)■ Wiu^) = 1. We also plot, with dot-dashed red contours, 

the values of the branching ratios BR(i? —?• Wiiyi) required to obtain reference values 
= 10 pb for both the ep and pp modes. The yellow contours in figure 1 are the 
95% G.L. upper limits on implied by the CMS H —)• WW searches summarized in 
eq. (3.2). 

Note that since the acceptance [HNp]e/i is approximatively constant (in the region we 
consider in figure 1 ), the effective cross section contours are essentially controlled by the 
pp ^ H cross section. The cuts adopted in ref. [1] for the pp final state are much stronger 
than those for the ep channel. The acceptances [H.Np]/i/j are, therefore, smaller than [H.Np]e/i 
and display a more marked dependence on the H and masses. The structure of the 
contours we find is correspondingly more complicated. 
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Figure 2. Predicted values of cf{pp H) x BR{H —>■ 77 ) as functions of the Higgs mass for 
different values of the H —>■ i' 41 'fj, branching ratio. The CMS limit is shown with a thick red line. 


The shape of the H —)> WW constraints (yellow contours) can be understood as follows. 
The energy of the SM neutrino produced in the heavy Higgs decay H —>■ ViVi scales as 
(m^ — ml^)/2mH, therefore in the bottom right regions of the [mn-, ^,^ 4 ] plane it tends to 
be very large. This implies a much larger missing energy and, in turn, a larger value 

for the transverse mass mp = — cos where is the transverse 

momentum of the dilepton system and is the azimuthal angle difference between 

and Since H —?• WW searches focus on large mp values, points in this region 
have larger acceptances and are more easily excluded. A similar argument explains 
why regions at large tend to be excluded. Both charged leptons appear in the 1/4 decay 
chain, therefore larger heavy neutral lepton masses imply larger p^ and, in turn, larger 
mp, strengthening the impact of the H —)• WW constraint. 

In large ranges of masses and branching ratios experimental limits on imply 

stronger constraints than direct searches for heavy Higgses decaying to WW. For instance, 
let us focus on = 10 pb in the ep channel that can be considered either as approxi- 

matively the value of the ATLAS excess or the two sigma upper limit implied by the CMS 
result. In the region of the [mH,mu^] plane below the the 10 pb yellow contour such large 
contributions to the effective cross section are excluded at 95% C.L. by the H —>■ WW 
searches. In the region above the contour the values of BR(iL —)• Wiv) required to get 
exactly 10 pb are given by the red labels. If we require < 10 pb, the red labels 

become upper limits on BR(FI —)• WiA. The values of branching ratios corresponding to 
different effective cross sections can be easily obtained by simple rescaling. 

Let us now discuss the bounds that we obtain from searches for heavy Higgs bosons 
decaying to two photons [27]. In our simplified model independent analysis we work under 
the assumption that the light Higgs is purely SM-like and that the heavy Higgs H has 
no direct coupling to the W boson. This implies that H ^ jj partial width we find 
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in our scenario is controlled by the top loop and is, therefore, much smaller than the 
corresponding partial width for SM-like heavy Higgses. For instance, for mn = 155 GeV 
this effect suppresses the FT —)• 77 partial width by a factor 5 x 10“^. 

The limits presented in ref. [27] constrain the product a{pp —)• H) x BR(iF —)■ 77 ). 
In our scenario the Higgs production cross section is fixed to its SM-like value [9] while 
the branching ratio into diphoton is affected only by impact of T{H —)• on the total 

width: 


a{pp H) 




77 


^Hhh + ^Hqq + ^ R’y-t + ^H. 


< 


lUiUfj, 


cr{pp —)• H)'BR{H —)> 77 ) 


J exp 


(3.3) 


In figure 2 we show predicted values of a{pp —?■ H) x BR(FF —?• 77 ) as functions of the Higgs 
mass for different values of the H —?■ branching ratio. The CMS limit is shown with 

a thick red line. We see that present experimental bounds do not constrain our model. 


4 Explanation of the ATLAS excess and kinematic distributions 

Let us now consider the excesses observed by ATLAS at face value with the understanding 
that NLL effects (as hinted by the CMS study) might reduce it sizably. In order to fully 
account for the observed excesses in the ep, pp and ee channels while avoiding lepton flavor 
violation constraints, we introduce an additional heavy neutral lepton, 1 ^ 5 , that couples ex¬ 
clusively to the first generation of SM leptons. For simplicity, we assume that the couplings 
H — — e and W — — e and the mass of t's are identical to those of 1 ^ 4 . The processes 

we consider are: 


pp ^ H ^ WpUf^ ^v^pv^J, , (4.1) 

pp ^ H ^ —)■ VFet'e —^ •Ft'ret'g . (4.2) 

The results for this scenario can be directly obtained from those presented in figure 1. 

The only difference is that for the ep case the branching ratio BR(FF —)• Wii') has to be 
interpreted as 

BR{H Wiue) = BR{H BR(i ^4 ^ Wp) + BR(iF ^ BR{u 5 We) , 

(4.3) 

while for the pp case it remains the same as in eq. (1.9) and for the ee case it is BR{H —)■ 

i' 51 'e) BR(iZ 5 —>■ ITe). As we pointed out above, we see that in a large region of masses 

and branching ratios we can easily explain the excess observed by ATLAS while satisfying 
constraints from H —)• WW. In particular these are the regions above the yellow contours 
corresponding to the central values given in the last column of table 1 (about 13 and 10 
pb for the ep and eejpp cases). 

The next important step is to check whether the kinematic distributions that we obtain 
for points in the allowed regions match the observed ones. In ref. [1] the following seven 
quantities are considered: transverse momentum, p'r, of the leading and subleading lepton; 
the azimuthal angle, transverse momentum, pxiU), and invariant mass, of 
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Figure 3. Kinematic distributions for pp ^ H ^ corresponding to our 

reference parameters mn = 155 GeV, = 135 GeV, BR{H —>■ W^vi) = 0.16. The effective 
cross section is about 90% of the required contribution. The acceptance we find is 24 np = 26.6%. 


the dilepton system; the transverse mass, mT{U + and the transverse momentum, 

of the dilepton plus missing transverse energy system. 

In order to compare with the experimental results presented in ref. [1], we convert our 
(differential) fiducial cross sections into number of events: 

A^np = cr^p E Cww (4.4) 

where L = 20.3 fb~^ is the ATLAS integrated luminosity and Cww is a correction factor 
that takes into account detector effects (this factor is explicitly given in ref. [1] for the e//. 
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Figure 4. Kinematic distributions for pp ^ H ^ corresponding to our reference 

parameters tuh = 155 GeV, = 135 GeV, BR{H —>• Wiiyi) = 0.08. The effective cross 
section is about 75% of the required contribution. The acceptance we find is Anp = 7.2%. The 
corresponding distributions for the ee channel are scaled down by a factor = 0.62 (see 

table 5 of ref. [1]). 


ee and fifi modes, separately). The main reason for using the observed number of events 
is that, in this way, we can easily assess statistical uncertainties on our signal in reference 
to the observed excess. 

We select a representative point with mn = 155 GeV, g = 135 GeV and BR(f7 —)• 
Wivi) = 0.16 for the e/i mode and 0.08 for the ee and fifj, ones. The distributions that we 
obtain are presented in figures 3-5. The product of branching ratios has been chosen to 
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Figure 5. Distribution of the dilepton invariant mass mu for the e/r and channels. See Figs. 3 
and 4 for further details. 


obtain an effective cross section of about 11.5 pb ( 90% of the excess), corresponding to 
about 7.5 pb for case (75% of the /r/x excess). Note that in figures 3-5 all background 
estimates are taken directly from ref. [1] while the new physics signal is simulated with 
MadGraph5 interfaced with Pythia (with detector effects taken into account via the factors 
Cww)- As a consistency check we simulated pp —>■ WW events using the same framework 
we use for the signal and found that all kinematic distributions agree fairly well with those 
presented in ref. [1] (obtained using POWHEG interfaced with Pythia). 

Possible additional freedom from considering different masses and branching ratios 
related to two new leptons would allow to adjust contributions to the ee and pp modes 
separately and to tweak various kinematic distributions. At present, this is however not 
necessary since ATLAS finds similar effects in both modes - see, for instance, table 1, and 
all the kinematic distributions are fit nicely with the assumptions of universality in masses 
and couplings of U 4 and 

Direct inspection of these figures shows that all the kinematic distributions we con¬ 
sider agree perfectly with the ATLAS observations with the exception of few bins in the 
transverse mass, mT{U + E™'®®), distribution. The choice of the reference point has 
been driven by this variable for the ep channel (the ee and pp ones showing much less 
significant excesses). In the new physics process we consider, contributions to ttt-t are 
bounded from above by the mass of the heavy Higgs. ATLAS data show a large excess 
in the ttit £ [90,150] GeV range and a moderate/small one at larger rriT- Ghoosing 
rriH = 155 GeV guarantees that we are able to explain the bulk of the excess. The mass 
of the heavy neutral lepton has a subleading effect on rriT but controls entirely the pt{(.(-) 
distribution. We chose g = 135 GeV but we would like to stress that we obtain similar 
results with different choices of masses. 

In most of the preferred region in figure 1 all the kinematic distributions except ttit 
typically agree well with observations for proper choices of BR(77 —)> Wlvn). For Higgs 
masses heavier than 160 GeV, rriT still agrees fairly well with the observed excess but the 
distribution broadens and moves to somewhat higher rriT bins. 
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Finally we note that if at least one of the heavy neutral leptons is lighter than the 
SM Higgs (125 GeV) then it is reasonable to expect a non-zero BR(/ism —>• 1 ^ 4 , 52 ^)- In this 
case both H and /ism contribute to the excess through the same decay chains. The rriT 
distribution of the SM Higgs contribution is localized at low energies {rriT < 125 GeV) 
while the other distributions are not significantly affected. While we checked that the /ism 
contribution alone is unable to fully account for the WW excess, the combination of H 
and /isM should clearly work better than H alone. 

5 Conclusions 

In this paper we have investigated contributions to pp —)• W^W~ —)• in models 

with a new Higgs boson, H, and a neutral lepton, 2 / 4 , with couplings H — and 

W — Vi — p through the process pp ^ H ^ v^v^j, —)• Wpv^ —)■ iv^pv^. These contributions 
can be very large and thus the cross sections measured at ATLAS [1] and CMS [16] offer 
powerful constraints. This scenario is able to generate large contributions because of a 
Higgs production cross section of order 10 pb coupled with having only one W in the final 
state (and hence avoiding the double W leptonic branching ratio suppression). 

Contrary to naive expectations, we find that in a wide range of masses and branching 
ratios the present sensitivity of pp —>■ WW measurements offers stronger constraints than 
direct searches for heavy Higgses in the WW and 77 channels. H —)■ WW constraints are 
weakened by the strong suppression of the ratio of acceptances A^p/Anp (see eq. (3.2)). 
if — )• 77 searches are diluted by the requirement that the heavy Higgs has no direct 
couplings to the SM gauge bosons. Our main results are summarized in figure 1. 

In addition we selected a representative point in the parameter space for which the NP 
contribution to the fiducial cross section matches roughly the excess observed by ATLAS. 
We studied several kinematic variables and found that all observed distributions can be 
easily accommodated in our scenario. 

Future experimental updates of pp —?■ WW measurements will be crucial to test the 
class of models studied in this paper. Furthermore, in the region of the parameter space in 
which we have significant contributions to WW, our scenario necessarily predicts deviations 
in searches for heavy Higgses into ivi^vp and 77 final states that might be observable in 
the near future. 

In addition to the results presented in this paper, we also investigated several alter¬ 
natives. One possibility is to generate simultaneous contributions in the ep, ee and pp 
channels by coupling only the tau (rather than e or p) neutrino to the new lepton. The 
decay H —)• v^Vr —)• Wrvr with a leptonically decaying tau produces all three final states. 
In this case, the branching ratios for leptonic r decays reduce the overall cross section by a 
factor ~ 5. Furthermore, the extra neutrinos produced in these decays result in additional 
missing energy, thus lowering the pT of the charged leptons. This makes it hard for these 
events to pass the ATLAS and CMS selection cuts and we found that the resulting rates 
are low. We also considered direct Drell-Yan lepton production (e.g. pp —)• VF —)• v^p) and 
found that it also yields small cross sections. 
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The new neutral leptons can originate from extensions of the SM by vectorlike leptons, 
both SU(2) doublets and neutral singlets in a two Higgs doublet model framework. In any 
specific model there are additional constraints on masses and couplings of the new leptons. 
These include constraints from electroweak precision data and from pair production of new 
leptons from searches for anomalous production of multi lepton events, discussed in ref. [28]. 
We will discuss an explicit scenario along these lines in a forthcoming publication [23]. 
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A Detailed description of H ^ WW constraints 


In refs. [25, 26] CMS considered a large number of different cuts each optimized to be 
sensitive to a SM-like heavy Higgs of a given mass. The signal we consider here {H —)• 
^ is topologically different from the SM Higgs decay {H —)■ WW —)• 

and cuts optimized for SM Higgs hypotheses are not in general optimal for our process. 
Eor every point in the new physics parameter space, i.e. mn, BR(H —>• W£ug), we 
consider the constraints implied by each CMS analysis and take the strongest bound we 
obtain. Each CMS analysis, that we indicate by Ti, has been optimized for a given SM 
Higgs mass hypothesis mu- 

The number of surviving new physics events for our signal (A^np) ^ 

heavy Higgs expect are given by 

= A^-p{mH,my^) unp,HR) C'^ C , (A.l) 

A^sm(^h) = C , (A.2) 


where unp and csm are the total cross sections (including branching ratios) as in eqs. (2.2) 
and (2.3), A)[jp and are the corresponding acceptances, C is the total integrated 

luminosity and encapsulates detector efficiencies. We consider the mass rh}j in eq. (A.2) 
because all the quantities that thus appear are explicitly given in refs. [25, 26] and we are 
therefore able to extract the product C^C. Combining eqs. (A.l) and (A.2) we obtain 


A^p(mH,TOi,4,BR) 


A^^{mH,my^) 


o-Np(m-H,mt.4,BR) 

0'SM(dl_H') 




(A.3) 


The next step is to extract the upper limit at 95% C.L. that the observed number of events 
(A^p) and the complete (including the 125 GeV Higgs) SM background (A^(^gj) imply. We 
follow a standard CLg method (see Appendix D in ref. [35] for a detailed description of the 
technique) at obtain the upper bounds A^p < (we add a 30% systematic uncertainty 
to our signal in addition to the standard gaussian statistical error). Therefore, the upper 
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limit on the new physics cross section is 


(Tnp (toh , " 1 ,^ 4 , BR) < min 


= min 
n 


1 Ay^imn) crsMimH) 

r 1 

_P 95 _ 

Al^p{mH,rnu^)_ 


(A.4) 

(A.5) 


The quantities are independent of new physics parameters, can be extracted entirely 
from refs. [25, 26] and are listed in table 2. The implied upper limit on the fiducial cross 
section is 


cTNp(?7iH,mi,4,BR) < ANp(mH,m 


1^4 > 


mm 

n 


pp 


95 


APp{mH,m,y^)_ 


(A.6) 
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